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Corals exert a strong biological control over their calcification processes, but there is a
lack of knowledge on their capability of long-term acclimatization to ocean acidification
(OA). We used a dual geochemical proxy approach to estimate the calcifying fluid
pH (pHcf) and carbonate chemistry of a Mediterranean coral (Balanophyllia europaea)
naturally growing along a pH gradient (range: pHTS 8.07–7.74). The pHcf derived from
skeletal boron isotopic composition (δ11B) was 0.3–0.6 units above seawater values
and homogeneous along the gradient (mean ± SEM: Site 1 = 8.39 ± 0.03, Site 2 =
8.34 ± 0.03, Site 3 = 8.34 ± 0.02). Also carbonate ion concentration derived from B/Ca
was homogeneous [mean ± SEM (µmol kg−1): Site 1 = 579 ± 34, Site 2 = 541 ± 27,
Site 3 = 568 ± 30] regardless of seawater pH. Furthermore, gross calcification rate
(GCR, mass of CaCO3 deposited on the skeletal unit area per unit of time), estimated
by a “bio-inorganic model” (IpHRAC), was homogeneous with decreasing pH. The
homogeneous GCR, internal pH and carbonate chemistry confirm that the features
of the “building blocks” – the fundamental structural components – produced by
the biomineralization process were substantially unaffected by increased acidification.
Furthermore, the pH up-regulation observed in this study could potentially explain the
previous hypothesis that less “building blocks” are produced with increasing acidification
ultimately leading to increased skeletal porosity and to reduced net calcification rate
computed by including the total volume of the pore space. In fact, assuming that
the available energy at the three sites is the same, this energy at the low pH sites
could be partitioned among fewer calicoblastic cells that consume more energy given
the larger difference between external and internal pH compared to the control,
leading to the production of less building blocks (i.e., formation of pores inside the
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skeleton structure, determining increased porosity). However, we cannot exclude that
also dissolution may play a role in increasing porosity. Thus, the ability of scleractinian
corals to maintain elevated pHcf relative to ambient seawater might not always be
sufficient to counteract declines in net calcification under OA scenarios.
Keywords: pH up-regulation, ocean acidification, Balanophyllia europaea, Mediterranean Sea, boron, calcifying
fluid, carbonate chemistry
INTRODUCTION
Changing ocean pH and carbonate chemistry due to increasing
atmospheric carbon dioxide, a phenomenon known as ocean
acidification (OA), has multiple effects on marine organisms,
for example on fish reproduction (Miller et al., 2013), on
the formation of invertebrate skeletal structures (Ries et al.,
2009), on macro-algae abundance (Connell and Russell, 2010),
with the majority of studies showing negative responses (Fabry
et al., 2008; Goffredo et al., 2014), including dissolution of reef
sediments which may respond even more rapidly to OA than
coral calcification (Eyre et al., 2018). Calcifying organisms are
expected to be particularly sensitive to the effects of OA. Many
investigations documented reductions in calcification rates of
shellfish (Gazeau et al., 2013), shell-forming marine plankton
(Beaufort et al., 2011), and reef-building corals (De’ath et al.,
2009; Fabricius et al., 2011) caused by the seawater pH-dependent
reduced concentrations of carbonate ions ([CO32−]) used by
these organisms to form their mineralized structure.
In scleractinian corals, calcification is thought to occur
within a physiologically controlled calcifying fluid (cf) in a
semi-confined environment between the coral skeleton and its
calicoblastic cell layer (McCulloch et al., 2012a; Ohno et al., 2017;
Sevilgen et al., 2019). Carbonate chemistry of the calcifying fluid
is exquisitely regulated through cellular mechanisms that aid
in shifting the equilibrium composition of dissolved inorganic
carbon (DIC) in favor of CO32− relative to bicarbonate ions
(HCO3−), increasing the pHcf and saturation state (cf) to
promote the precipitation of calcium carbonate and skeletal
growth (Zoccola et al., 2015). The degree of control over cf
is crucial to determine relative sensitivities toward changes in
seawater pH and other adverse environmental conditions (Cohen
and Holcomb, 2009; McCulloch et al., 2012a). Alternatively, a
recent study on Stylophora pistillata demonstrated the occurrence
of amorphous calcium carbonate (ACC) precursor nanoparticles
formed within the animal tissue (Mass et al., 2017). These
nanoparticles precipitate inside vesicles formed by endocytosis of
seawater by the cell membrane and are subsequently transported
to the surface of coral skeletons, where ACC crystallizes into
aragonite (Mass et al., 2017). The vesicles may be the site where
the calcifying fluid resides (Mass et al., 2017).
The boron isotopic proxy method (δ11B) (Trotter et al., 2011)
and the B/Ca method (Holcomb et al., 2016; McCulloch et al.,
2017) can be applied to estimate pHcf, [CO32−]cf and DICcf
at the time of skeleton deposition. The underlying chemical
principle is based on the pH-dependency of boron speciation in
seawater between boric acid, B(OH)3, and borate ion, B(OH)4−,
on the isotopic fractionation associated with this speciation
(Klochko et al., 2006), and on the assumption that only borate
ions are incorporated into the carbonate skeleton (Hemming
and Hanson, 1992). From skeletal boron isotope fraction (δ11B),
it is possible to infer the pH at the calcification site (Hönisch
et al., 2004; Krief et al., 2010; McCulloch et al., 2012a, 2018),
which does not necessarily match that of seawater. The B/Ca
ratio depends inversely on the concentration of carbonate ions
([CO32−]), since borate substitutes carbonate ions into the
aragonite lattice (Holcomb et al., 2016). The validity of B/Ca as a
proxy for coral [CO32−]cf has been demonstrated by comparing
geochemically derived values of inorganic aragonite precipitation
from solutions at known [CO32−]cf (Holcomb et al., 2016). Direct
measurements support [CO32−]cf up-regulation (Cai et al., 2016;
Sevilgen et al., 2019). Calcification rates have been inferred
from these proxies using modeling approaches that have been
successfully employed in studies with tropical corals (McCulloch
et al., 2012a; Wall et al., 2016; Comeau et al., 2017a,b). Yet we
also need to consider that these models assume constant calcium
ion concentrations. Recent studies found changes in internal cf
through Raman spectroscopy (DeCarlo et al., 2017) and linked
this to potential changes in calcium concentrations at the site of
calcification further highlighting the role of calcium regulation in
calcification (DeCarlo et al., 2018).
Different definitions of calcification and calcification rates
exist in the literature, depending on whether the effect of
dissolution is considered in the models. Generally speaking, it
is assumed that the net calcification rate (NCR) corresponds to
gross calcification rate (GCR) minus dissolution (D) (Andersson
and Mackenzie, 2012; Cohen and Fine, 2012; Comeau et al.,
2014). NCR is directly measured in living corals by buoyant
weight and total alkalinity techniques (Smith and Key, 1975;
Bucher et al., 1998). GCRs are derived from the evaluation of
45Ca incorporation to the coral skeleton (Cohen and Fine, 2012;
Cohen et al., 2017). Inconsistencies on the responses of calcifying
marine species to OA reported in several studies could be due to
how NCR is related to GCR and D (Cohen and Fine, 2012). First,
it is worth noting that to transform this qualitative relationship
into the simple equation NCR = GCR-D some caution is needed.
The measurements of NCR and GCR have to be related to
the same period of growth, an important parameter in the
definition of both measurements (Rodolfo-Metalpa et al., 2011).
Moreover, because GCRs are generally obtained as the evaluation
of deposited CaCO3 per surface unit, it is straightforward that
NCR should be evaluated as a density × linear extension rate,
that allows a direct comparison of these parameters (Tortolero-
Langarica et al., 2017). In addition, it is not sufficient that all the
three parameters are described with the same units [as mass of
CaCO3 deposited (or loss, in the case of D) on the skeletal unit
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area per unit of time], it is necessary that these three parameters
refer also to the same components of the coral skeleton, with
particular attention to the fact that the coral skeleton is made of
the solid matrix and the voids (the pore spaces).
In this study, for the first time, skeletal δ11B and B/Ca
proxies were employed to infer changes of pHcf, [CO32−]cf,
and DICcf in a Mediterranean scleractinian coral, Balanophyllia
europaea, living along a natural pH gradient at the volcanic
seep of Panarea (Italy). Results were further used to compute
carbonate chemistry based cf and GCRs at the different pH
conditions, and to compare the obtained data with data on NCR,
linear extension and structural features at the micro and macro-
scale previously measured in the same corals (Goffredo et al.,
2014; Fantazzini et al., 2015). The whole approach disclosed
the homeostatic capability of B. europaea, here selected as a
model species for temperate scleractinian corals, toward pH and
carbonate chemistry at the site of calcification.
MATERIALS AND METHODS
Coral Samples
Twenty specimens of the scleractinian zooxanthellate coral
B. europaea were collected between November 2010 and May
2013 from three sites (6–7 individuals per site) along a pH
gradient at a CO2 seep near Panarea Island (Italy) (Figure 1).
This underwater crater 20 × 14 m wide and 10 m deep
generates hydrothermally stable CO2 emissions that generate
a pH gradient at ambient temperature. In particular, sampling
sites, whose seawater physic-chemical parameters have been
previously characterized from 2010 to 2013 (Goffredo et al.,
2014; Fantazzini et al., 2015; Prada et al., 2017), were selected to
closely match pH values projected for 2100 under different IPCC
scenarios (IPCC, 2014): average pHTS = 8.07 (Site 1: present-
day conditions), average pHTS = 7.87 (Site 2: RCP6), average
pHTS = 7.74 (Site 3: RCP8.5). Temperature, salinity and pHNBS
were measured in a previous study (Prada et al., 2017) with
a multi-parametric probe (600R, YSI Incorporated) powered
from a small boat and operated by SCUBA divers. In the same
study, the measured pHNBS were converted to the total scale
using CO2SYS software. The pHTS, total alkalinity, salinity, and
temperature were then used to calculate aragonite saturation
and the other carbonate system parameters using the software
CO2SYS (Prada et al., 2017), although the CO2 vent may alter
the composition of major ions.
After coral collection, skeletons were cleaned with 1% sodium
hypochlorite solution for 3 days to dissolve polyp tissue. After
washing with deionized water and drying at 50◦C for 3–4 days,
each coral was examined under a binocular microscope to
remove any visible contamination and encrusting organisms
(Caroselli et al., 2011).
Sample Preparation, δ11B and B/Ca
Determination
Collected corals were embedded in resin, cut in half and the
surface polished. The δ11B and B/Ca composition was measured
simultaneous by laser ablation multi collector inductive coupled
plasma mass spectrometer (Thermo Fisher MC-ICP-MS AXIOM,
connected to a UP193fx laser ablation system of New Wave
Research, equipped with an excimer 193 nm laser). The
measurement procedure used standard methods (Fietzke et al.,
2010; Wall et al., 2016) with slight modifications. In this study,
multiplier and Faraday cups were used simultaneously to collect
data for 10B and 11B (both on multiplier) as well as 12C
(Faraday cup). The cones were cleaned on a regular basis (every
2–4 days). The tubes going from the ablation cell to the plasma
torch were checked for material deposition and cleaned by
high flow rates overnight and/or mobilization of the debris by
increased flow rates transporting it out of the tubes. Prior to each
measurement session the standard and samples were pre-ablated
to remove surface contaminations using a laser spot diameter
of 50 µm (double the size of the actual measurement spot).
A standard-sample-bracketing method was used. The data of
one measurement session contained 5–6 brackets. Both 12C and
the variation of the standard (NIST SMR610) for each session
were used to check for instrument stability and contaminations.
Sessions were repeated when the standard drift was higher than
the internal reproducibility of the standards (2SD of the session
on the standards). Twenty individual laser tracks (25 × 500 µm)
were performed (ablating consecutively each transect 10 × with
10 µm s−1 and 10 Hz) along the oral-aboral axis of the corallite
(i.e., to represent calcifying fluid pH, carbonate chemistry, and
growth rates of the entire coral) as close as possible to the edge of
the skeletal section (expecting to mainly ablate fibers and avoid
centers of calcification, COC), far enough away to avoid ablation
through the skeletal structure into the pore space. Yet COC areas
may not have been completely avoided. To account for this we:
a) subsequently screened the individual tracks for anomalous
12C values indicative of either ablation through the coral skeletal
structure (the coral skeleton is not massive but consists of pores;
cutting the coral and ablating from a cross section we cannot
tell from the top-view the depth of the underlying skeletal
structure, thus this screening is done afterward) or increased
organics (potentially reflecting COC) and excluded this parts
from analysis, and b) aimed for 20 tracks of approximately
25 × 500 × 20 µm on all individuals to have a representative
δ11B dataset per individual and by this we expect the error to be
similar among corals (assuming that COC to fiber ratio in coral
grown under various environmental conditions stays constant).
The transects were positioned to encompass the entire coral cut
along their growth axis from close to the base up to the tips
of the cut skeletal structures to obtain a representative data set
per sample. The data reduction followed Fietzke et al., 2010. For
each individual δ11B transect, an average instrumental precision
of <0.8h (±1 SD) for approx. 1.7 µg of carbonate sample was
achieved. The dataset reflects the high variability in δ11B for a
single coral, and all transects per coral were averaged afterward
to yield values that reflect the average δ11B, pHcf, and 1pH at
each seawater pHTS condition (see below).
B/Ca data are based on the integrated boron intensities
(10B + 11B) divided by the 12C intensity. The calibration
(conversion from intensity ratios to concentration ratios) has
been done using a Lophelia pertusa cold-water coral sample
covering a B/Ca range of about 450–950 µmol/mol, which had
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FIGURE 1 | Map of the study site off Panarea Island (Aeolian Archipelago, Italy); insets show the location of the vent area, SE of Bottaro, where corals were
collected. Maps were generated using d-maps (www.d-maps.com).
been determined before using LA-ICP-MS relative to standard
NIST-SRM610 using 43Ca as internal standard. This calibration
procedure resulted in: B/C [µmol/mol] = 78800× B/C [cps/cps];
(cps – counts per second, ion beam intensity). We used
stoichiometric ratio of C/Ca = 1 as approximation for natural
carbonates and translated B/C ratios in B/Ca [µmol/mol] ratios.
pHcf Calculations
Each δ11B value was converted into pH of the calcifying fluid
(pHcf) following eq. 1 (McCulloch et al., 2012b) with a seawater
δ11Bsw of 39.61h (Foster et al., 2010), a fractionation factor (αB)
of 1.0272 (Klochko et al., 2006) and pK∗B of 8.640 at Site 1 with
an average temperature of 20.5◦C, 8.637 for Site 2 with an average
temperature of 20.7◦C and 8.638 at Site 3 with a temperature of
20.6◦C (salinity at all site is 37).
pHcf = pK
∗
B − log
[ δ11Bsw − δ11Bc
αB × δ11Bc − δ11Bsw + 1000× (αB − 1)
]
(Trotter et al., 2011) (1)
Since our study aims to derive calcifying fluid pH and not
seawater pH, δ11Bsw is replaced by δ11Bcf. δ11Bc is the isotope
value of the corals. As generally assumed, we have used the
values of the seawater because seawater is transported to the
site of calcification, located between the base of the calicoblastic
epithelium and the existing skeletal surface (Gagnon et al., 2012).
Following the method in Trotter et al. (2011) the superimposed
physiological pH control was calculated with the equation:
1pH = pHcf − pHTS (2)
and related to the seawater pHTS to quantify the extent of the
physiological control on the internal pHcf.
[CO32−]cf and DICcf Calculations
Skeletal B/Ca data were used to assess [CO32−]cf based on
recently established relationship between the concentrations of
borate and carbonate ions in the solution from which aragonite is
precipitated (Holcomb et al., 2016):
[CO32−]cf = [B(OH)−4 ]cf × KDB/Ca/(B/Ca) (3)
Where [B(OH)−4 ]cf is the pH-dependent borate concentration
derived from δ11B, B/Ca is the ratio measured in the coral
skeleton and KDB/Ca is the distribution coefficient for boron
between the aragonite and seawater, refit as a function of [H+]45:
KDB/Ca = 0.00297exp(−0.0202[H+]cf) (4)
The hydrogen ion concentration of the calcifying fluid was
calculated from the δ11B-derived pHcf. To estimate [B(OH)−4]cf,
we assume total boron at the site of calcification equals seawater
concentration and depends only on seawater salinity.
Both pHcf and [CO32−]cf were then used to calculate DICcf
using the R seacarb package with carbonic acid dissociation cons-
tants (K1, K2) (Millero et al., 2006) and stability constant of
hydrogen sulfate (ks) (Dickson, 1990). DICcf up-regulation with-
in the calcifying fluid was calculated as the DICcf/DICsw ratio.
Gross Calcification Rate (GCR) and
Calcification Site Conditions
Boron-derived internal pHcf was used to calculate GCR. We used
the IpHRAC model (McCulloch et al., 2012a):
GCR = k× (cf − 1)n (5)
Where k is the temperature-dependent rate law constant, n
is the order of the reaction and cf is the aragonite saturation
state of the calcifying fluid, which was calculated using seacarb
from pHcf and DICcf (using the same constants for calculation
as above). We assumed [Ca]2+ concentration equal to seawater
concentration with average salinity of 37. The modeled GCR was
calculated for average temperature (t) per site with k and n for
aragonite precipitation (Burton and Walter, 1987):
k = − 0.0177× t2 + 1.47× t + 14.9 (6)
n = 0.0628× t + 0.0985. (7)
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This model only requires the knowledge of internal pHcf
and DICcf or CO32−cf and does not account for changes in
energy investment due to changes in proton removal rate. In
general, internal pHcf is not only a matter of the intensity of
up-regulation (proton removal rate) but also influenced by the
rate of calcification. Calcification is a process that produces
protons (Ca2+ + HCO3− ⇔ CaCO3 + H+) (Allemand et al.,
2004), which need to be removed from the site of calcification.
Calcification and proton removal are processes that influence
calcifying fluid equilibrium and pHcf levels.
Net Calcification Rates
The mean annual NCR (mass of CaCO3 deposited per year per
area unit) was calculated for each specimen by applying the
following formula: calcification (mg mm−2 year−1) = skeletal
density (mg mm−3) × linear extension (mm year−1) (Lough
and Barnes, 2000; Carricart-Ganivet, 2004). Corallite length
(L: maximum axis of the oral disc), width (W: minimum
axis of the oral disc) and height (h: oral-aboral axis) were
measured with calipers and the dry skeletal mass (M) was
measured with a precision balance. Corallite volume was
calculated using the formula: V = L2 ×W2 × hpi (Caroselli
et al., 2019). The skeletal density for each corallite was
calculated as M/V and the linear extension as L/age. The
age of each specimen was estimated by applying the Von
Bertalanffy growth function, using the asymptotic length and
growth constants for B. europaea along the Panarea pH gradient
(Caroselli et al., 2019).
If the density considered is the bulk density, which is
the mass divided by the total enclosed volume, including
the volume of the enclosed skeletal voids (i.e., the volume
of the pore space inside the skeleton), the resulting NCR
may be called “bulk-NCR,” i.e., the parameter refers to an
average calcification on the apparent volume of the whole
sample, including the skeletal pores. If the density considered
is the skeletal biomineral density (i.e., micro-density; Caroselli
et al., 2011), which is mass per unit volume of the material
which composes the skeleton, NCR may be considered “micro-
NCR,” i.e., the parameter will refer to an average calcification
over the volume of the solid skeleton matrix, thus excluding
the pores. These definitions (i.e., micro-NCR and bulk-NCR)
are used hereafter.
Statistical Analysis
One-way analysis of variance (ANOVA) was used to compare the
geochemical values, the calcifying conditions, GCR, and bulk-
/micro-NCR among sites. When assumptions for parametric
statistics were not fulfilled, the non-parametric Kruskal–Wallis
equality-of-populations rank test was used, including the
Monte Carlo correction for small sample size (Gabriel and
Lachenbruch, 1969). Spearman’s rank correlation coefficient
was used to calculate the significance of the correlations
between seawater pHTS with coral 1pH and bulk-NCR.
Statistical analyses were performed using SPSS 20.0 and
data visualization was done with R Studio version 3.0.1
(R Core Team, 2015).
RESULTS
δ11B and δ11B-Derived Calcifying Fluid
pH and Carbonate Chemistry
The boron isotopic composition (δ11B) of B. europaea skeletons
was assessed in corals sampled at three seawater pH levels
(expressed in total scale, pHTS) from three Sites along the Panarea
gradient (Site 1: pHTS = 8.07; Site 2 = 7.87; Site 3 = 7.74,
Supplementary Table 1) (Goffredo et al., 2014). An average
∼1.7% coefficient of variation of δ11B values within the same Site
was observed (Figure 2A). No significant differences in average
FIGURE 2 | Boron isotopic signature (δ11B), δ11B-derived pH in the calcifying
fluid (pHcf) and pH up-regulation (1pH) in Balanophyllia europaea along the
pHTS gradient at Panarea Island. (A) δ11B measured in corals collected at
three different sites along a natural pH gradient (Site 1, average pHTS
8.07 = blue; Site 2, average pHTS 7.87 = green; Site 3, average pHTS
7.74 = red). From the boron isotopic signature (B) pHcf and (C) 1pH (pHcf –
pHTS) were calculated. At each site, filled circles and error bars represent
means ± SEM per coral. Black dashed line indicates linear regression and the
gray area the 95%-CI band of the significant regression (p < 0.001; N = 7 for
Sites 1 and 3, and N = 6 for Site 2).
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δ11B between the three Sites were observed (mean ± SEM (h):
Site 1 = 21.70± 0.37, Site 2 = 21.05± 0.38, Site 3 = 21.00± 0.33,
p > 0.05; Figure 2A, Supplementary Table 2). Thus, on average,
derived internal pHcf values were homogeneous along the pHTS
gradient (mean± SEM: Site 1 = 8.39± 0.03, Site 2 = 8.34± 0.03,
Site 3 = 8.34 ± 0.02, p > 0.05; Figure 2B, Supplementary
Table 2). Values of 1pH (pHcf – pHTS) resulted significantly
different among Sites (mean ± SEM: Site 1 = 0.32 ± 0.03,
Site 2 = 0.47 ± 0.03, Site 3 = 0.60 ± 0.02, p < 0.001;
Figure 2C, Supplementary Table 2) and negatively correlated
with pHTS (rs2 = 0.78, p < 0.001; Figure 2C). Similar to δ11B,
no significant differences in B/Ca values were found between
Sites [mean ± SEM (µmol mol−1): Site 1 = 778 ± 38, Site
2 = 767 ± 32, Site 3 = 745 ± 25, p > 0.05; Figure 3A;
FIGURE 3 | Internal carbonate ion concentration ([CO32-]) and dissolved
inorganic carbon concentration (DICcf) at the calcification site derived from the
skeletal B/Ca concentration in Balanophyllia europaea along the pHTS
gradient at Panarea Island, Italy. (A) Coral skeletal B/Ca ratio from naturally
different seawater pH (pH in total scale) sites were translated into (B) internal
calcifying fluid [CO32-] values and (C) DICcf. Circles represent values for each
individual coral (mean ± SEM). Color denotes the different locations: Site
1 = blue, Site 2 = green, Site 3 = red.
Supplementary Table 2], resulting in homogenous [CO32−]cf
[mean± SEM (µmol kg−1): Site 1 = 579± 34, Site 2 = 541± 27,
Site 3 = 568 ± 30, p > 0.05; Figure 3B; Supplementary Table 2],
dissolved inorganic carbon concentrations (DICcf) [mean± SEM
(µmol kg−1): Site 1 = 3050 ± 149, Site 2 = 3156 ± 160,
Site 3 = 3305 ± 104, p > 0.05; Figure 3C] as well as DIC-ratio
[DICcf/DICsw, Supplementary Figure 1].
Calcifying Fluid Aragonite Saturation
State and Calcification Rates
Figures 4, 5 report the results from the bio-inorganic model
(McCulloch et al., 2012a) that inferred cf values and GCRs.
Calcifying fluid aragonite saturation state (cf) in B. europaea
along the gradient showed no significant differences among
Sites with values of 8.90 ± 1.40 (mean ± SEM) in Site 1,
8.31 ± 1.03 in Site 2, and 8.74 ± 1.23 in Site 3. GCRs also did
not show significant differences among Sites, with relative values
of 1.00 ± 0.09 in Site 1, 0.92 ± 0.07 in Site 2, 0.98 ± 0.08
in Site 3 (real values: 675 ± 63 µmol cm−2 h−1 in Site
1, 621 ± 49 µmol cm−2 h−1 in Site 2, 661 ± 55 µmol
cm−2 h−1 in Site 3) (Figures 4, 5A, Supplementary Table 3).
Micro-NCR was also homogeneous among sites, with relative
values of 1.00 ± 0.02 in Site 1, 0.97 ± 0.07 in Site 2,
and 0.88 ± 0.05 in Site 3 (real values: 3.29 ± 0.07 mg
mm−2 year−−1 in Site 1, 3.19 ± 0.23 mg mm−2 year−1 in Site
2, and 2.89 ± 0.19 mg mm−2 year−1 in Site 3) (Figure 5B,
Supplementary Table 3) while bulk-NCR decreased significantly
with decreasing pHTS (r = 0.586, p < 0.01; Figure 5C) with
relative values of 1.00 ± 2.29 in Site 1, 0.92 ± 0.07 in Site 2, and
0.84 ± 0.05 in Site 3 (real values: 2.29 ± 0.06 mg mm−2 year−1
in Site 1, 2.10 ± 0.16 mg mm−2 year−1 in Site 2, and
1.92± 0.11 mg mm−2 year−1 in Site 3) (Supplementary Table 3).
Micro- and bulk-NCR were calculated from previously reported
micro-density, bulk density, and linear extension measurements
(Fantazzini et al., 2015).
FIGURE 4 | Skeletal aragonite saturation state (cf) assessed in Balanophyllia
europaea corals growing along the pHTS gradient at Panarea Island. cf was
calculated from the average internal pHcf of the individual corals and the DICcf
concentration. Circles represent values for each individual coral
(mean ± SEM). Color denotes the different sampling sites: Site 1 = blue, Site
2 = green, Site 3 = red.
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FIGURE 5 | Modeled gross calcification rates (GCR) and comparisons with measured micro and bulk net calcification rates (NCR) in Balanophyllia europaea corals
growing along the pHTS gradient at Panarea Island. (A) GCRs were calculated following the IpHRAC model (McCulloch et al., 2012a) (internal pH regulation and
abiotic calcification): Gross calcification = k × (cf−1)n and presented as relative rates (setting average control growth as 1). (B) micro-NCR and (C) bulk-NCR were
derived from bulk density, micro-density and linear extension rates taken from Fantazzini et al. (2015). Circles represent values for each individual coral. Color
denotes the different locations: Site 1 = blue, Site 2 = green, Site 3 = red. Black dashed line indicates linear regression and the gray area the 95%-CI band of the
significant regression (p < 0.01; N = 7 for Sites 1 and 3, and N = 6 for Site 2).
DISCUSSION
Structural analyses on B. europaea naturally living along the
pH gradient of Panarea (Italy) display no significant change in
mineralogy with decreasing pH (Goffredo et al., 2014). Analyses
at the micro-scale level revealed no changes in skeletal micro-
density (Fantazzini et al., 2015), calcium carbonate polymorph,
organic matrix content, aragonite fiber thickness, and skeletal
hardness in corals growing along the pH gradient (Goffredo
et al., 2014). Nevertheless, at the macro-scale, reduction of
NCRs (i.e., bulk-NCR, by using the bulk density in the
definition of NCR) and parallel increases in skeletal porosity,
coupled with a decrease in skeletal bulk density, are observed
(Fantazzini et al., 2015), likely to keep unchanged linear
extension rates and meet functional reproductive needs (e.g.,
the ability to reach critical size at sexual maturity and the
reproductive output) (Fantazzini et al., 2015). A critical outcome
is the reduced mechanical strength of the skeletons, increasing
damage susceptibility, which was hypothesized to explain the
decline of population density observed at low pH values
(i.e., the species disappears at pH < 7.7) (Goffredo et al., 2014).
In order to determine the calcification conditions that promote
the above described phenotypic outcomes and gain insights into
the degree of biological control over these conditions exerted
by B. europaea, this study employed a dual-geochemical proxy
approach and assessed carbonate chemistry of the calcification
fluids on a subsample of the same corals previously analyzed
(Fantazzini et al., 2015).
δ11B and δ11B-Derived Calcifying Fluid
pH and Carbonate Chemistry
Up-regulation of pHcf , DICsw, and cf above environmental
values is a regulatory strategy adopted by many calcifying
organisms, including corals, to maintain high concentrations of
carbonate [CO32−]cf and calcium [Ca2+]cf ions in the calcifying
fluids while eliminating H+ end-products (Cai et al., 2016;
Ramesh et al., 2017; Ross et al., 2019; Sevilgen et al., 2019),
hence promoting biomineral precipitation and maintaining
physiological calcification rates. Specimens sampled at Site 1
allowed investigating regulatory capabilities of B. europaea under
seawater pH values matching the average of the present-day
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global surface ocean (IPCC, 2014). In these conditions, δ11B
evaluation showed pH values in the calcifying fluid (pHcf) 0.2–0.4
units above seawater values, DICcf/DICsw ratio ranging between
∼1.1 and ∼1.6, and aragonite saturation state cf about 2–4
times higher than that of seawater. Previous studies investigating
calcifying fluid pH and carbonate chemistry using geochemical
proxies have been conducted mostly on tropical corals and
only one investigation was performed on a Mediterranean
zooxanthellate colonial coral, Cladocora caespitosa, on specimens
kept under controlled conditions in aquaria and transplanted
at a CO2 vent (Trotter et al., 2011). This is the first study
investigating internal calcifying fluid pH and carbonate chemistry
on a Mediterranean coral species exposed to reduced mean
seawater aragonite saturation state (sw) for its entire life span.
The elevation of pHcf displayed by B. europaea falls within
reported values for temperate, tropical, and cold-water corals
(8.2–8.9) (Trotter et al., 2011; McCulloch et al., 2012b; Wall
et al., 2019), yet it was lower than that reported for the
temperate coral C. caespitosa from the Tyrrhenian Sea (∼8.7)
(Trotter et al., 2011), and higher than that of Porites spp.
from Papua New Guinea (∼8.2) (Wall et al., 2016) and other
tropical species (Venn et al., 2013), supporting the hypothesis
that the thermal regime is an important driver of pHcf regulation
(Trotter et al., 2011; Anagnostou et al., 2012; Ross et al., 2019).
Being sympatric species, B. europaea and C. caespitosa have
a widely overlapping habitat distribution; hence, other factors
besides acclimation to different thermal environments should be
considered when interpreting the observed species-specific pHcf
regulation. For example, B. europaea and C. caespitosa displayed
different stress-related transcriptional responses in relation to
their peculiar life history traits, symbiotic partnerships, and
morphologies (Franzellitti et al., 2018). The same environmental
and physiological constraints could affect their degree of
biological control over calcification, as previously observed in
tropical species (Trotter et al., 2011; Venti et al., 2014; Raybaud
et al., 2017). B. europaea seems less efficient in up-regulating
DICcf than the tropical corals investigated so far (e.g., Acropora
yongei:∼ 3900–4100µmol kg−1, Pocillopora damicornis:∼3500–
3800 µmol kg−1) (Comeau et al., 2017a; McCulloch et al., 2017;
Schoepf et al., 2017; Ross et al., 2019). This may have direct
implications on the calcification process. Indeed, the ability to
regulate DICcf affects the control of aragonite saturation state
cf; thus, it may alter coral ability to buffer calcification changes
driven by unfavorable environmental conditions (Cai et al., 2016;
McCulloch et al., 2017; Schoepf et al., 2017).
Life-long acclimatization of B. europaea polyps to low pHTS
conditions as those experienced at Sites 2 and 3 had no apparent
effects on average δ11B and B/Ca, despite the overall 0.33
units change in seawater pHTS. As a result, inferred pHcf and
DICcf values were similar at the different pHTS conditions. It
may be hypothesized that under life-long acclimation to altered
pHT S, influence of pHTS on inferred DICcf composition may
be negligible. Overall, these results suggest that B. europaea is
capable of buffering the potentially adverse conditions deriving
from persistently living at pHTS values as low as those projected
for 2100 (IPCC, 2014) by homeostatically maintaining its
physiological pHcf, regardless of external pHTS. pHcf homeostasis
under an average seawater pHTS as low as 7.7 has been shown
for tropical coral species Porites cylindrica and massive Porites
(Georgiou et al., 2015; Wall et al., 2016) and such ability is
now reported in a temperate coral from the Mediterranean Sea.
As a further support, a study reporting whole-transcriptome
responses of B. europaea to combined elevated temperature and
low pHTS (7.8) conditions in aquaria showed that stress response
in this species largely relies on modulation of metabolic related
transcripts, which aid in maintaining physiological homeostasis
(Maor-Landaw et al., 2017).
Gross and Net Calcification Rates
By applying a modeling approach that uses pHcf, CO32−cf,
and DICcf (IpHRAC model: McCulloch et al., 2012a), we
inferred the aragonite saturation state of the calcifying fluid
(cf) and derived GCR, as geochemical proxy data are likely to
reflect the micro-scale calcification conditions. These parameters
were unaffected by seawater pHTS suggesting that changes of
seawater pHTS have a minor impact on calcification processes of
B. europaea. The homogeneous GCR and micro-NCR (Figure 5)
found in this study are in line with previous observations
on the same specimens which found no changes at the
nano and micro-scales in the biomineral polymorph, organic
matrix content, aragonite fiber thickness, hardness and density
(i.e., micro-density) along the gradient. This suggested that
the biomineralization process produced fundamental unitary
components of the coral skeleton (the solid matrix, excluding the
pores) named “building blocks,” with actual features substantially
unaffected by decreased seawater pHTS. Fantazzini et al., 2015
hypothesized that the decrease in bulk-NCR (named NCR in
that paper) at the low pH sites could be the result of less
“building blocks” being produced with increased acidification.
The pH up-regulation observed in this study could provide a
potential explanation to this hypothesis: if, for simplicity, we
compare a single calicoblastic cell (Figure 6) in Site 1 (average
pHTS = 8.1) and in Site 3 (average pHTS = 7.7), the latter
likely needs to work more compared to Site 1 given the larger
1pH, which also means that it will likely consume more energy.
However, if we assume that the available energy is the same
at the three sites, in order to provide more energy to cell
in Site 3, less calicoblastic cells may be activated as a means
to re-allocate the available energy. Thus, where calicoblastic
cells are “shut down” no biomineral deposition (i.e., “building
block” production) can take place, ultimately leading to the
formation of skeletal pores and reduced net calcification (i.e.,
bulk-NCR) (as summarized in Figure 6). It must be noted that
besides calcification, the control of intracellular pH is needed
to maintain further physiological processes in invertebrates, for
example osmoregulation, metabolism and reproductive output
(Mayfield and Gates, 2007; Byrne, 2012). Thus, the observed
pH homeostasis may contributes to maintaining unchanged
reproductive output reported in B. europaea along this gradient
(Caroselli et al., 2019).
Calcification may be mediated by, or have an influence on,
other aspects of the calcifying fluid other than pHcf, CO32−cf,
and DICcf. More specifically, the calcifying fluid calcium
ion concentrations can deviate from seawater concentrations
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FIGURE 6 | Schematic summary showing the hypothesized impacts of life-long acclimation to low pH on skeletal growth in Balanophyllia europaea along the
gradient of Panarea. At the current seawater pH (Site 1), B. europaea up-regulates pH and carbonate chemistry of the calcifying fluid compared to seawater levels.
At low pHTS as those projected for 2100 (Site 3), seawater acidification did not significantly affect pHcf and DICcf, showing comparable values to those of Site 1.
Under these conditions, the bio-inorganic model projects no changes of aragonite saturation state (cf), thus unmodified GCR and micro-NCR, compared to
present-day conditions (Site 1), suggesting that B. europaea performs an effective biological control over the calcification process. Nevertheless, with increased
energy expenditure which is likely needed to maintain calcification, B. europaea changes its skeleton phenotype to a morphology characterized by decreased bulk
density and increased porosity at the macro-scale, and reduced (measured) bulk-NCR, while maintaining unchanged linear extension rates (Fantazzini et al., 2015).
No increases in production of organic matrix proteins (OM) per unit mass of CaCO3 are observed (Fabry et al., 2008). We postulate a tradeoff in energetic balance in
which internal carbonate chemistry is homeostatically compensated at the expenses of calicoblastic cell and organic matrix functioning/organization and macro-scale
skeleton structure to maintained coral growth (i.e., linear extension rates) and the reproductive output (Andersson and Mackenzie, 2012; Fantazzini et al., 2015).
(e.g., due to species variability, changing rates of calcification on
sub-annual timescales) and can therefore mediate cf together
with [CO32−]cf (Ross et al., 2019). Also, changes in B/Ca derived
carbonate ion concentrations in the calcifying fluid are not
necessarily equivalent to changes in cf (DeCarlo et al., 2018).
This should be cautiously considered when using the IpHRAC
model as a framework to compare how bio-calcification rates
might deviate from the expected abiotic rate kinetics of aragonite
(Burton and Walter, 1987).
Trade-offs among the different biological processes
controlling coral physiology (Rippe et al., 2018) may also
contribute to explaining the observed decline in bulk-NCR while
maintaining unchanged GCR. For example, impaired expression
of transcripts underscoring transport mechanisms and organic
matrix structure and function (i.e., galaxins, SCRiPs or Small
Cysteine-Rich Proteins, collagens) were observed at low pH in
different coral species (Moya et al., 2012; Vidal-Dupiol et al.,
2013; Kaniewska et al., 2015; Zoccola et al., 2016). Nevertheless,
expression of transporters for [Ca2+], [HCO3−], or [H+] ions
were unaffected by the acute exposure of the early life stages
of Acropora millepora to OA conditions (pH = 7.96 and 7.86),
while overall reduced expression of transcripts encoding proteins
of the skeletal organic matrix was also observed (Moya et al.,
2012). These effects may, at least partially, reflect the possible
diversion of energy away from CaCO3 deposition toward
other physiological processes such as maintenance of pHcf
homeostasis (Moya et al., 2012; Georgiou et al., 2015). Therefore,
we can hypothesize that a reduced availability of metabolic
CO2 for calcification and less-controlled (or cease of) aragonite
precipitation may occur also under pHcf homeostatic control,
underpinning the detrimental effects observed on the skeletal
macro-structures (Goffredo et al., 2014; Fantazzini et al., 2015).
The recent evidences on the role of ACC nanoparticles as
precursor of biomineral formation in S. pistillata (Von Euw et al.,
2017; Drake et al., 2018) suggest the putative onset of multiple
routes of calcification in B. europaea and, more generally in
corals, as already observed in other marine calcifying organisms
(Vidavsky et al., 2016; Ramesh et al., 2017). Further analyses to
characterize the molecular mediators operating on calcification
and organic matrix organization are needed to conclusively
address the specific processes occurring in B. europaea under
short-term and long-term exposure to low seawater pHTS.
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Increase of dissolution at the low pHTS Sites could also
provide an additional explanation to the reduction in NCRs and
increased skeletal porosity found in B. europaea along this pH
gradient (Fantazzini et al., 2015). Supporting this hypothesis,
aragonite saturation in seawater at Site 3 reaches minimum
values of 0.4 (Supplementary Table 1) leading to transient under-
saturated conditions (Goffredo et al., 2014; Prada et al., 2017).
Dissolution was also hypothesized by Comeau et al. (2017a)
in A. yongei to explain the observed strong decrease of NCRs
accompanied by a limited decrease of pHcf. In particular, the
authors hypothesized possible dissolution at night when dark
calcification could be suppressed at low pHTS (Schneider and
Erez, 2006). On the other hand, during daytime, relatively
high calcification rates and pHcf are maintained by symbiont
pCO2-enhanced photosynthesis (Gattuso et al., 1999). Night-
time net dissolution has been previously observed in A. millepora
by using total alkalinity measurements (Strahl et al., 2015).
Thus, the isotopic composition of the skeleton should mostly
represent conditions in the calcifying fluid during the day, which
could explain the homogeneous internal carbonate chemistry
regardless of seawater pHTS.
CONCLUSION
Using a dual geochemical proxy approach, for the first time
pHcf and internal carbonate chemistry have been investigated
in the temperate zooxanthellate coral B. europaea growing for
its entire life along a natural pH gradient, thus inferring the
impacts of long-term acclimation and the degree of physiological
plasticity toward OA. We showed that B. europaea exerts
an active biological control that allows pHcf and carbonate
chemistry homeostasis in the calcifying fluid, ultimately leading
to homogeneous modeled GCRs. These results are in agreement
with previous observations showing that the features of the
“building blocks” produced by the biomineralization process
were substantially unaffected by decreased seawater pHTS. It
was hypothesized that in order to maintain calcifying fluid
homeostasis, B. europaea may re-allocate available energy
(which we assume is the same along the gradient) toward
fewer but more energy-consuming calicoblastic cells at the
low pH site. Where calicoblastic cells are not activated, no
biomineral precipitation can take place which could lead to the
formation of pores and ultimately to the observed decline in
NCRs. However, we cannot exclude that the observed response
of B. europaea along this gradient may be a combination
of this and other factors (e.g., dissolution, expression of
transporters for [Ca2+], [HCO3−], or [H+] ions, down-
regulation of transcripts encoding proteins of the skeletal
organic matrix) which likely act in synergy. Further analyses
on molecular mediators and organic matrix composition and
functioning, which could be likely impaired under environmental
changes, as well as direct measurements of gross calcification
are needed to shed light on the biomineralization processes
occurring in B. europaea under low seawater pHTS. Additional
studies like the one presented here should be performed
on other species and locations to predict whether temperate
Mediterranean corals will thrive under projected scenarios of
anthropogenic global change.
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